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A highly reversible Li-O, battery utilizing a mixed electrolyte and a
cathode incorporating Co30,

J. Zeng, C. Francia, J. Amici, S. Bodoardo*, N. Penazzi

The present work mainly focuses on the aprotic electrolytes in order to improve the performance of Li-O: cells. The single-
solvent electrolytes are based on tetraethylene glycol dimethyl ether (TEGDME), dimethyl sulfoxide (DMSO) and ionic
liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMITFSI), respectively. Compared to TEGDME a

EMITFSI electrolytes, DMSO electrolyte leads to higher reversible Li-O; cells, even though decomposition of DMSO i~
observed. In this work, novel blended TEGDME (20 wt. %)-DMSO (80 wt. %), EMITFSI (20 wt. %)-TEGDME (80 wt. %) and
EMITFSI (20 wt. %)-DMSO (80 wt. %) based electrolytes are first proposed and investigated in the assembled Li-O; cells.
Incorporating with a Cos04 catalysed cathode, the EMITFSI-DMSO electrolyte results in an optimized Li-O; battery, showing
a lower voltage gap and a higher reversibility. In such a system, 80 % of the recharge occurs at a potential underneath 4.0
V vs. Li*/Li. The low recharge voltage can suppress the decomposition of DMSO and favour a longer cycle life. More than
65 consecutive cycles are achieved at a current density of 0.1 mA cm2 with a cut-off capacity of 835 mAh geiectroge. The
improved electrochemical performance is attributed to the enhanced ionic conductivity of the mixed electrolyte. In
addition, the EMITFSI-DMSO electrolyte is considered more stable, since the ionic liquid could alleviate the decomposition

of DMSO provoked by the intermediate superoxides.

Introduction

The first example of a rechargeable Li-O, battery was proposed
by Abraham and Jiang in 1996 and it comprised a Li*-
conductive PAN-based polymer electrolyte sandwiched
between a Li metal foil anode and a carbon composite
cathode.! The cell delivered a discharge capacity of 1410 mAh
g1carbon and high columbic efficiency for at least 3 cycles. Such
limited cycle-ability hindered the research interest towards Li-
0, batteries in the following ten years. With the increasing
environmental problems, rising oil prices and economic crisis,
Li-O; batteries have regained worldwide interest since they
can potentially provide 2-3 times higher practical specific
energy densities than the current Li-ion batteries, enabling the
driving range of electric vehicles to be comparable to that of
gasoline vehicles. The work so far focused the attention on
various aspects of Li-O, technology, including mainly porous
and nanostructured electrodes, bi-functional catalysts as well
as liquid and solid electrolytes.23 Nevertheless, the Li-O;
technology is still in its early stage and the reversibility of the
system is far from being adequate, with a life-span ranging
from tens to hundreds of cycles, depending on both of the
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cathode materials and the electrolyte formulations. Non-
aqueous electrolytes represent one of the main unsolvea
issues in the aprotic Li-O; cells, due to their poor stability
against reactive reduced oxygen species and questionable
compatibility related to the electrolyte-anode interface. At the
early stage, organic carbonate electrolytes were extensivery
used due to their great success in Li-ion batteries.*7 Although
the cell was demonstrated to be rechargeable with the organic
carbonate electrolytes,
electrolytes was observed. The detected discharge products
were mainly irreversible Li,CO3z and LiRCO3 byproducts, which

quick decomposition of such

were responsible for the fast capacity decay.81° As organic
carbonates are unsuitable solvents for Li-O; batteries, ether-
based electrolytes (tri- and tetra-glymes) attracted significant
attention due to their affinity with Li metal, wide
electrochemical stability window and low volatility. The
reversible formation of Li.O, was reported in the cells using
TEGDME-based electrolytes.’? Scrosati and
demonstrated the high feasibility of such electrolytes, as tl--
cell assured over 100 stable discharge-charge cycles with a
capacity of 1000 mAh g1.12 In contrast, some works reported
that the ether-based electrolytes were unable to maintain tl.

required reversible formation/decomposition of Li,O, upon
cycling.13 Alternatively, Xu and co-workers proposed DMSQO
based electrolyte for Li-O, cells and superior rate capabili y
combined with low voltage gap were demonstrated.!* Bruce
and co-workers further reported the good performance of a! -
0, battery with DMSO electrolyte coupled with nanoporou

gold cathode.’® Highly pure Li,O, was formed during discharg _

co-workers
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and decomposed during charge, which allowed the cell to
sustain 100 cycles with 95% capacity retention. Even though
DMSO is considered a practical solvent for rechargeable Li-O;
batteries, the formation of LiOH was detected on pure carbon
black cathode and super P cathode incorporating a-MnQ,.1516
Alternatively, room temperature ionic liquids (RTILs) were
proposed as suitable electrolytes for Li-O, cells due to their
high conductivity, non-volatility and non-flammability. Kuboki
and examined some RTILs with
hydrophobicity for Li-air systems and considered EMITFSI a
suitable electrolyte component due to its capability to prevent
the electrolyte vaporization and anode hydrolysis.}” The
reversible formations of LiO and Li.O, were observed on gold
electrodes in EMITFSI by cyclic voltammetry.® Mizuno and co-
workers investigated an electrolyte based on ionic liquid N-
methyl-N-propylpiperidiniumbis(trifluoromethansulfonyl)
amide (PP13TFSA) in Li-O, batteries.’® The PP13TFSA
electrolyte resulted in a quite low charge voltage of around 3.3
V due to its high stability against the superoxide radical. A
blended electrolyte of an ionic liquid N-methyl-N-
butylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(PYR14TFSI) and TEGDME was also explored.?® The charge
over-potential significantly decreased in the blended
electrolyte. However, the cells demonstrated quite low current
rates and poor durability. Kim and co-workers reported a
mixed electrolyte of an organic carbonate (Propylene
carbonate, PC) and an ionic liquid N-propyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(PYR13TFSI) for Li-O, batteries.2! The blended electrolyte
improved the cycle life of the Li-O, cells but resulted in a
voltage gap of more than 1.5 V. Recently, a mixture electrolyte
based on DMSO and an ionic liquid PYR14TFSI was studied by
Khan and co-worker.22 Excellent reversibility of oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER)
was observed by cyclic voltammetry in the electrolyte.
Nonetheless, the performance of the DMSO-IL electrolyte in a
practical Li-O; cell system was not reported.

co-workers various

Clearly, the electrolyte plays a tremendous role on the
performance of Li-O, batteries, affecting the discharge
capacity, the voltage gap, the recharge ability and so on. The
continuous exploration of practical electrolytes is vital for
developing high-performance Li-O, batteries. The paper
addresses this topic and considers the role of different
solvents, namely DMSO, TEGDME and EMITFSI, on the cell
electrochemical performance when coupled with pure carbon
cathodes and carbon incorporating home-made Co30,
cathodes. EMITFSI has been chosen as the candidate due to its
relatively low viscosity, super hydrophobicity and outstanding
ionic conductivity at room temperature, compared with the
other ionic liquids. The working electrochemical stability
window of the EMITFSI is not large, which was between 1.5 V
to 4.8 V vs. Li/Li*.22 However, the Li-O, cells operate in a
voltage range of 2.25-4.30 V vs. Li/Li*, which is considered safe
for the EMITFSI electrolyte. In this work, DMSO electrolyte
resulted in impressive long-life batteries with both types of
cathodes, compared to the other two candidates. In previous
work, we reported the performance and cycling ability of Li-O;

2| J. Name., 2012, 00, 1-3

cells, based on TEGDME electrolyte and mesoporous Co304
catalysed electrodes.?* The present work further confirms tk.-
positive effect of Coz0, cathode on the cycle life of Li-O; in
DMSO electrolyte. Our ultimate goal is to propose some novel
blended electrolytes, namely DMSO-TEGDME, TEGDM™-
EMITFSI and DMSO-EMITFSI, which enable the Li-O; cells to
work with a lower voltage gap and a longer cycle life.

Experimental

Unless and until mentioned separately, the chemicals used in
the study are analytical grade and used as received from Sigma
Aldrich. The EMITFSI is battery grade and used as received
from Solvionic.

Structural-morphological characterization

The X-ray diffractions analysis were carried out using a Phili
X’'pert MPD powder diffractometer, equipped with Cu Ka
radiation. The morphology of the samples was examined usil.,,
field-emission scanning electron microscopy (FESEM, JEOL-
JSM-6700F).

Preparation of mesoporous Co30,

The Co304 catalyst was synthesized using a template-free
method, as described in our previous work.?* Briefly, 1.8 g o1
Co(NOs), and 0.4 g of NH4NO3 were dissolved in 35 g of H,C
and 14 g of ammonia solution (30 wt.%). The homogeneous
solution was then magnetically stirred for 20 min in air. During
the stirring, the initial pink colour gradually turned into black,
which indicates that part of the Co(ll) oxidized into Co(lll). The
solution was then covered by a glass dish and kept in a
preheated oven at 90 °C for 12 h. The as-prepared sample was
filtered and then thoroughly washed with H,O and acetone.
The obtained powder was vacuum dried at 50 °C and the..
calcined in air at 250 °C for 2 h to get the final sample.

Preparation of cathodes

The O, electrode was prepared as a coating layer over carbon
paper gas-diffusion layer (GDL, SIGRACET GDL-24BC, SGL
Technologies), which ensures facile transport of O, gas phase
to the electrode surface.?> To prepare pure carbon cathodes,
acetylene carbon black (Shawinigan Black AB50, referred tc
Csw) and poly-(vinylidenefluoride) (referred to PVdF) binder, in
the weight ratio of 85:15, were well mixed utilizing a mixer mill
(Retsch, MM 400). N-methyl-2-pyrrolidone (NMP) solvent was
then added to the solid mixture in order to obtain a uniform
slurry. The slurry was coated on top of the microporous lay~~-
of the GDL using doctor blade technique. This coating was
dried at 55 °C overnight to evaporate the NMP solvent. The as-
prepared cathodes were further dried in vacuum at 120 °C f

6 h before testing in Li-O; cells. Catalysed electrodes with
home-made Cos304, Csw and PVDF (weight ratio of 30:55:15)
were prepared with the same procedure. During tle
preparation, the slurries with different compositions werc
tuned with a similar viscosity using NMP solvent. The thickne .
of the deposited slurry was set at 300 um. Thus, no significa *
difference in the thickness of the coating layers was observe

This journal is © The Royal Society of Chemistry 20xx
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for various compositions. The coating layer had a total loading
of 1.0 mg cm2 for Csw carbon electrodes and 1.2 mg cm-2 for
electrodes incorporating Co30a.

Electrochemical tests

A lithium disc (18 x 0.2 mm, Chemetall s.r.l.) was used as the
anode. A glass fibre (18 x 0.65 mm, ECC1-01-0012-A/L)
saturated in the electrolyte was used as the separator. All the
electrolyte formulations comprised 5 wt. % of lithium
perchlorate (LiClO4) salt, which was about 0.5 M LiClO4. LiClO,4
was selected as salt due to its superior stability during the
discharge process.?6 Lithium bis(trifluoromethane sulfonyl)
imide (LiTFSI) is also considered a stable salt for Li-O; cells.
However, revealed that TFSI- might
decompose on the Li surface by a strong nucleophilic reaction
with LiOy" in the DMSO based electrolyte, which increases the
degradation of anode.?’” The Li-O; cell was then assembled in
an Ar-filled dry glove box (Mbraun Labstar) using an ECC-Air
electrochemical cell (EL-Cell, GmbH) configuration with
openings allowing oxygen to enter and exit through the
cathode side. Fig. 1 illustrates the configuration and internal
assembly of a Li-O; cell used in the present work. The cathode
comprises a GDL substrate and a carbon layer or a catalysed
carbon layer, on which the electrochemical reactions occur.
The geometric area of the cells was 2.54 cm?.

In order to evaluate the discharge capacity, the cells were
galvanostatically discharged by an Arbin BT-2000 battery
tester at room temperature, from the open circuit voltage
(OCV) to 2.15 V vs. Li*/Li. Hereafter, all the voltages mentioned
in this article are versus to Li*/Li. To investigate the cycle-
ability of the cells, galvanostatic time-controlled charge and
discharge steps were carried out. During the cycling test, the
discharge step terminated when the discharge voltage arrived
at 2.25 V or the discharge time reached 10 h, and the recharge
step ended when the recharge voltage went up to 4.30 V or
the recharge time reached 10 h. Throughout all the
electrochemical tests, the cells were continuously purged with
dry O, at a gas flow rate of 3.0 ml min-1. Prior to each test, the
Li-O, cell rested 6 h at OCV under oxygen flow. The ionic
conductivity of the electrolytes determined by
electrochemical impedance spectroscopy (EIS) analysis of cells
formed with electrolyte-saturated separator sandwiched by
two stainless-steel electrodes, using a PARSTAT-2273
potentiostat instrument.23
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Fig. 1. lllustration of the configuration and internal assembly of
a Li-0O; cell.
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Results and discussion

In order to analyze the effect of the electrolytes on the
discharge capacity, a first full discharge of carbon (Csw)
cathodes was carried out at 0.1 mA cm2. As shown in Fig. 2a,
the electrolytes significantly influenced the discharge
performance of the Li-O; cells. The discharge performance is
mainly related to the combined properties of viscosity, ionic
conductivity, oxygen solubility, diffusion coefficient, and other
characteristics (e.g., the wettability on the cathodes) of each
electrolyte. The cell with DMSO electrolyte displayed a lower
discharge overpotential, distinguishing the advantage of DMSO
electrolyte over TEGDME and EMITFSI electrolytes. As
presented in Tablel, the DMSO solvent has a high O, diffusion
coefficient and low viscosity, which enhance the O, transfer in
the electrolyte-flooded cathode. The ionic conductivity of tl
electrolytes was studied by EIS analysis.?® The ionic
conductivity o, in S cm1, can be calculated from

o=L/(AxRb)
where
Rb: the resistance of the electrolyte (Q), obtained from the
high frequency intercept of the fitted impedance spectrum on
the Zre axis.
L: the thickness of the separator, which is 0.065 cm.
A: the active area of the separator, which is the geographical
area of the EL-Cell 2.54 cm?.
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Fig. 2. (a) full discharge curves of carbon cathodes usir 5
various electrolytes at 0.1 mA cm-2; (b) full discharge curv. -
of carbon cathodes using DMSO electrolyte at various currer’
densities.
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Tablel Properties of investigated solvents and electrolytes.

Boiling Viscosity 0, solubility 0, diffusion coefficient Conductivity**
Solvent point 1 5 2 -1 1
°C) (cP) (mMcm ) (x10  ecm"s") (mScm’™)
TEGDME 275 4.0 4.4 128] 0.22 28] 0.7
DMSO 189 1.9 1.8 [22,28] 1.80 [22.28] 6.1
EMITFSI - 28.0 3.9 (18] 0.73 118l 4.4
** Jonic conductivity of electrolyte with 0.5 M LiCIO4, which was determined by EIS analysis.
The Rb can be directly read from Fig. S1 (tESI), which is 37.1, presented in Fig. 2a, the cell with EMITFSI electrolyte
4.2, 5.7Q for TEGDME, DMSO and EMITFSI electrolyte, experienced very poor discharge capacity and high

respectively. The calculated ionic conductivity is 0.7, 6.1, 4.4
mS cm?® for TEGDME, DMSO and EMITFSI electrolyte,
respectively. The high ionic conductivity of DMSO electrolyte
further favoured the discharge process at high current rates,
as shown in Fig. 2b. The discharge capacity and the cell voltage
were not compromised with increasing the current density
from 0.1 mA cm2 to 0.2 mA cm2, indicating the possibility to
enhance the power density of the cells using DMSO
electrolyte. Conversely, a the discharge
performance with increasing the current density was observed
in TEGDME electrolyte, which could result from the mass
transfer limitation (O,, Li* or electrons) at the active sites of
cathodes. 3°

It is noticed that the ionic liquid EMITFSI possesses such a high
viscosity that significantly hinders the mass transport. As

decrease in

overpotential, which are likely due to the concentration
overpotential rather than insoluble discharge products chokine
the porous cathodes. Furthermore, a discharge rate of 0.1 m~
cm is considered too high for cells discharging in such ior

liquid electrolytes.3! Post-mortem analyses such as XRD and
FESEM were carried out on the fully discharged electrod_ .
after cell disassembly. As shown in XRD patterns (Fig. 3a), Li»O>
was the dominant discharge product using TEGDME
electrolyte. On the discharged cathode in DMSO, Li,0; as well
as a significant amount of LIOH were detected. Suc..
discharged products are in the form of crystalline phases
similar to those reported in literature.?” Behaving as a Lewis
base, the use of DMSO solvent in Li* containing electrolytes
can stabilize the soluble superoxide intermediates, which
contributes to the higher discharge voltage. However, such

(a) % — TEGDME
* Li,0Oy ——EMITFSI
+ LiOH — DMSO

Intensity

20 30 40 50 60
2Theta [deg ]

200 nuy

200 am

Fig. 3. (a) X-ray diffraction patterns of carbon electrodes after full discharge using various electrolytes at 0.1 mA cm2 (ICDD database: Li,C
00-009-0355; LiOH, 00-004-0708); FESEM images of carbon cathodes after full discharge: (b) using TEGDME electrolyte; (c) using DMS”™

electrolyte; (d) using EMITFSI electrolyte.
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process is usually accompanied by side reactions that result in
the formation of additional discharge by-products aside from
Li»0,.16 Possible reactions provoked by 0% could be depicted in
equations 1-216:

CH3SOCH3 + 0% — CH3SOCH? + O,H (1)

(2)

The cathode discharged in the EMITFSI electrolyte displays a
XRD pattern similar to the pristine cathode (Fig. S2a (tESI)). No
peaks attributed to Li.O, were observed on, probably due to
an undetectable amount of discharge products or to the
formation of amorphous phases.32 FESEM images of surface
morphologies of the O, electrodes discharged in TEGDME,
DMSO and EMITFSI are shown in Fig. 3b,c and d, respectively.
Uniform toroids were observed on the electrode discharged in
the TEGDME, typical of Li,O, nanocrystallites aggregation.
DMSO promoted the formation of flake-like agglomerations
apart from toroids on the cathode surface. Such agglomerates
are considered to be mixed LiOH and Li,O, nanocrystallites.
The possible mechanism of the formation of LiOH has been
described in equations 1-2. The discharged cathode in the
EMITFSI electrolyte matched the profile of a pristine Csw
carbon cathode (Fig. S2b (TESI)), indicating that no significant
amount of products accumulated during the discharge.

Cyclic voltammetry in DMSO electrolyte revealed the full

20H+2Li*+2e — 2LiOH+0;

ARTICLE

multiple reactions involving four electrons, which makes
DMSO a particularly attractive solvent for rechargeable Li-C
batteries.’®28 Even though the decomposition of DMSO was
observed during the discharge process, the results present
herein show evidence that DMSO electrolyte sustains the cc Il
reversibility better than the TEGDME and EMITFSI electrolytes
operating at the same experimental conditions. As presented
in Fig 4, three Li-O; cells with Csw cathodes were
galvanostatically cycled in the different electrolytes from 2.25
V to 4.30 V at a current density of 0.1 mA cm2 with a cut-oft
capacity of 1.0 mAh cm2. The cell with the DMSO electrolyte
(in Fig. 4b) presented a voltage gap of 1.1 V at the second
cycle, a value slightly lower than 1.3 V observed with TEGDME
(in Fig. 4a). Fig. 4c illustrates the discharge/charge profiles of a
cell using EMITFSI electrolyte. The cell displayed a large
voltage gap and weak recharge ability, due to the high mass
transfer resistance, relatively high current rate and low cut-c.:
recharge voltage. Fig. 4d shows the discharge/char;
capacities versus the cycle number. It is important to note that
the cell with DMSO electrolyte demonstrated efficient cyc'~
ability and maintained a reversible capacity of more than 80 %
for 44 cycles. The cell tested in EMITFSI experienced very poor
cycling performance, partly due to the applied current density,
which is too high for ionic liquids as mentioned before, an
partly due to the deep discharge as the cut-off capacity is close
to the full discharge capacity.

The mesoporous Co304, simply synthesized as described in our

reversal oxygen reduction/evolution reactions throughout
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——5th
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K —5th [ £ 40th
3,24 ——10th ——44th
% ———20th %
g g
S244 S 24-
3 3
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Capacity [mAh cm'z] Capacity [mAh crn'z]
4,84 (c) 1,54 (d)
—1st
——2nd 12
il o 1.2+
2 4,0 £
- =
¢ <09
> 32 =
o }i‘: &
g g. 0,6 P o
g 24 3 / —a— TEGDME
= 0344 —a— DMSO
o / —a— EMITES
1’6 r T T T T T T 0‘0 !o } ' y y y
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Fig. 4. cyclic performance of Li-O, cells with carbon cathodes: (a) using TEGDME electrolyte; (b) using DMSO electrolyte; (c) using EMITF..

electrolyte; (d) discharge capacities (hollow circle)/charge capacities (solid circle) vs. cycle number in various electrolytes.

discharge capacity: 1.0 mAh cm2. Current rate: 0.1 mA cm-2.

This journal is © The Royal Society of Chemistry 20xx

Limite .

J. Name., 2013, 00, 1-3 | 5




RSC Advances

previous work, has been used at the cathode to improve the
cycling performance of Li-O; cells with TEGDME electrolyte.?4
Herein, a Li-O; cell with a Co304 cathode was galvanostatically
cycled from 2.25 V to 4.30 V at a current density of 0.1 mA cm-
2 with a cut-off capacity of 1.0 mAh cm2, in order to study the
effect of Cos0,4 in the DMSO electrolyte. Compared with the
Csw cathode, the presence of Coz04 has no remarkable effect
on reducing the charge overpotentials (in Fig. 4b and 5a).
However, according to our previous work, the presence of
Co304 in oxygen cathodes can significantly lower the charge
voltage in the TEGDME based electrolyte.?* The different
behaviour of the Co304 observed in these two electrolytes may
result from the electrocatalysis influenced by the nature of the
non-aqueous solvents. In the high Donor Number solvents,
such as DMSO, it proceeds through an outer Helmholtz plane
(OHP) reaction pathway, conforming to a homogeneous
catalysis of the reaction, irrespective of the presence of a
catalyst in the cathode.33 Hence, the catalytic activity of the
Co304 was not significant in the DMSO based electrolyte.
However, the presence of Co304 improved the cycle life of the
Li-O cell in the DMSO electrolyte, which increased up to 57
cycles with a reversible capacity of more than 80 %, as
illustrated in Fig. 5b. The polarization of the discharge and
recharge profiles was not noticeable until the 50th cycle. After
the cycling test, this cathode was recovered and examined by

4,84 (a)
— R 1st
= e 2nd
= /{j/r—’_————/ 5th
- = ——10th
ES /4 20th
= 324 —— 30th
o 40th
& L : 50th
] 58th
2 244
Q
o

1,6

0,0 0,2 0,4 0,6 0,8 1,0 1,2
Capacity [mAh cm'2]

1,54 (b)
o 1,24
5
< 09 :%%\
=
]

g 0,6-
3
0,34 —a— Charge
—C— Discharge
0,0 T T T

0 10 20 30 40 50 60
Cycles

Fig. 5. cyclic performance of a Li-O, cell with a catalyzed cathode
using DMSO electrolyte: (a) cycling response; (b) capacities vs. cycle
number. Limited discharge capacity: 1.0 mAh cm2. Current rate:
0.1 mA cm=.
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XRD and FESEM. As shown in Fig. S3 (%7ESI), the Cos04
nanoparticles in the cathode maintained the structure ar'
morphology during the test.

In order to study the effect of the blended electrolytes, three
cells with the carbon cathodes were studied in the EMITFS -
TEGDME and EMITFSI-DMSO mixed electrolytes, respectively.
The weight percentage of the EMITFSI added into the TEGDME
or DMSO was 20 wt. %. As shown in Fig. S4a (tESI), the
EMITFSI-TEGDME electrolyte cannot improve the cycling
performance of the Li-O; cell, compared to the single TEGDME
electrolyte (see Fig. 4a). Whereas, Fig. S4b (TESI) displays that
the EMITFSI-DMSO electrolyte significantly enhanced the cycle
ability and lowered the voltage gap between the discharge and
charge processes, compared to the one with the DMSO
electrolyte (in Fig. 4b). Hence, the DMSO based mixture is
considered more promising as the electrolyte for Li-O, cells.
Two cells with Co304 cathodes were cycled in the TEGDM.
DMSO and EMITFSI-DMSO with 0.5M LiClOs. The weig' .
percentage of the TEGDME or EMITFSI added into the DMSO
was 20 wt. %. As shown in Fig. 6a, no improvement in tk~
voltage profiles was observed in the cell with the TEGDME-
DMSO electrolyte during the first two cycles, compared to the
one with the DMSO electrolyte. Then, the charge plateau
stood at 3.5 V, resulting in a lower voltage gap and highc-
energy efficiency. However, the cell with blended electrolyte
performed only 50 cycles (in Fig. 6c). Hence, the blended
TEGDME-DMSO electrolyte is not considered favourable for
the highly reversible Li-O, cells. Conversely, the cell with
EMITFSI-DMSO electrolyte demonstrated a remarkable
improvement on the cycling performance. In such an organic
solvent-rich mixed electrolyte, the high Gutmann donor
number of DMSO can lower the Lewis acidity of solvated Li*
and make it a softer Lewis acid by forming (DMSO)nLi*. Sur’.
characteristic of DMSO  affords better stability to the one-
electron reduction product LiO; (reaction 3). The LiO; may be
further reduced to Li,O, via chemical disproportionation
(reaction 4). At lower discharge potential, LiO, can be
electrochemically reduced to Li,O; (reaction 5). Further
reduction of Li;O, to Li;O may be possible from the
thermodynamic view (reaction 6). During the charge process,
LiO, and Li>O; can be oxidized with no evidence for the step of
superoxide intermediate formation (reactions 7,8) 1% 16;
Oxygen reduction reactions:

Li*t+ Oy + e — LiO; (3)
2 Li0; — Li,05 + 03 (4)
LiO; + Li* + e- — Li,0, (5)

LinO,+2 Lit+2 e — 2 Li,O (6)

Oxygen evolution reactions:

LiO; — Li*+ Oy + & (7)

Li,0; > O+ 2 Lit+2e" (8)

This journal is © The Royal Society of Chemistry 20xx
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From Fig. 6 (b), the cell discharged at the constant voltage of
2.75 V until the 50th cycle down to the terminal value of 2.55
V until the end. The charge plateau decreased from 3.80 V to
3.55 V during the first 5 cycles, then steadily increased to 3.85
V until the 60th cycle and subsequently climbed to 3.98 V
before cell termination. Compared to the cells with the single-
solvent EMITFSI or DMSO electrolyte, the cell with such a
blended electrolyte exhibited a lower voltage gap and 80 % of
the charge process took place underneath 4.0 V. Such
outstanding discharge/charge performance is attributed to the
synergistic effect of the blend. The addition of EMITFSI
significantly improved the ionic conductivity of electrolyte,
from 6.1 mS cm! for the DMSO electrolyte increased to 9.5 mS
cm for the EMITFSI-DMSO electrolyte. The organic solvent
has covalent bonds and few ions (by auto-ionization) and
hence a lower conductivity. Whereas, the ionic liquids are rich
of ions and have a higher conductivity than the organic
solvents. With increasing the percentage of IL in organic
electrolyte, the conductivity increases quickly until 50 wt.% IL
and then decreases with further IL increase. The correlation
between the conductivity and viscosity of such mixed
electrolytes is not followed by the mixtures trend. The
viscosity increases very slowly before 40 wt. % IL and then
rapidly rises after this.2! 34 35 Therefore, the addition of 20 wt.
% IL into the mixed electrolyte compromised the ionic
conductivity and viscosity, in order to get a high mass transfer
rate. Furthermore, pure EMITFSI possesses high O, solubility

This journal is © The Royal Society of Chemistry 20xx

and its addition could increase the O, concentration in the
mixed electrolyte. Fig. 6c presents the discharge/charge
capacities versus the cycle number for the cell with EMITFSI-
DMSO electrolyte. More than 65 cycles were observed with -
discharge capacity of 835 mAh glcectrode. The improvement in
cell life was 15 cycles, corresponding to an operating time of
about 300 h, compared to the cell using the sole DMSC
electrolyte. The discharge and recharge overvoltages were
significantly reduced using the mixed electrolyte. With this
mixed electrolyte, the decomposition of DMSO can be partly
mitigated since the recharge can be completed at a lower
voltage. In addition, the improved reversibility could be partly
related to the higher stability of the mixed electrolyte. In such
a mixture, part of the DMSO molecules are supposed to
accommodate in the ionic liquid structure, inhibiting the attack
provoked by the superoxide.??

Eventually, it is essential to mention that the deterioration of
Li anode strongly affects the capacity decay and the cell life
span. Firstly, the electrolyte is inevitably saturated with O,
which leads to the corrosion of Li metal through the chemic .
reaction 9:

4Li+0; > 2Li0 (9)
Secondly, the commercial solvents contain a certain amount r~

moisture (<50 ppm) or may gain water from tl-=
decomposition of the electrolyte. Under the attack of 0%, par*
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of the DMSO could release O;H through reaction 1, which
continues to degrade and form H,O:

2 O,H — H20,+ 0, (10)

2 H,0, — 2 H,0 + O, (11)

The moisture can lead to side reactions on the Li anode due to
the non-electrochemical side reactions:

Li»O + H,0 — 2 LiOH (12)

2 Li+2H;0 — 2LIOH+H; (13)

The cell using DMSO-EMITFSI electrolyte (in Fig. 6b) was
dissembled after cycling test and the anode was studied by
FESEM and XRD. As can be seen from Fig. S5a (tESI), the Li foil
anode has a quite rough surface and appears white powder
after the cycling test. Further XRD analysis confirmed that
most of the metallic lithium was converted to LiOH after the
cycling test (Fig. S5b (TESI)). Hence, the contribution of the
anode degradation to the cell failure is quite noteworthy.

Conclusions

The selection of a stable electrolyte is essential to address the
limited cycling ability of the aprotic Li-O, cells. An optimized
LiCIO4/EMITFSI-DMSO electrolyte has been proposed and
investigated for the rechargeable cell, due to the interesting
physical and chemical properties of both solvents. The addition
of IL into the DMSO electrolyte can significantly improve the
ionic conductivity. Such a mixed electrolyte guaranteed a low
charge overpotential, which can moderate the decomposition
of DMSO. A Li-O, cell using the EMITFSI-DMSO electrolyte
exhibited a low voltage gap between the charge and discharge
processes, resulting in a high-energy efficiency. More than 65
cycles were performed maintaining a satisfactory discharge
capacity without significant polarization increase. The results
herein suggest that the mixed EMITFSI-DMSO electrolyte could
be a feasible solution for developing reversible Li-O, batteries.
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Li-O, cell using EMITFSI-DMSO electrolyte exhibited a low voltage gap and a long cycle life maintaining a
satisfactory discharge capacity.



